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Abstract 


In this report a modal of the electron density Irregularities in the 
Jovian Ionosphere Is constructed based on a preliminary Interpretation of 
the Pioneer 10 Jovian Ionospheric scintillations. The Ionospheric Irregular- 
ities exist over an altitude range of 3000 km. The structure constant Cq of 
refractive Index fluctuations Is 5 x 10~^ and Is constant throughout 

this altitude range. The spatial wavenumber spectrum of the electron density 
Irregularities follows the Kolmogorov spectrum and the outer scale size Is 
greater than 6 km. 

Estimates of scintillation for a Jovian entry probe based on this model 
Indicate that It Is small at S-band but could be substantial at 400 MHz. The 
teiiq>oral frequency spectrum of the log-aoqplltude fluctuations is less than 
1 Hz and Is consequently rather narrow. 
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I. Introduction 


The objective of thle study is to analyze the scintillation of the 
radio signals received from Pioneers 10 and 11 during radio occultatlon by 
the atmosphere of Jupiter and to estimate from these results the scintil- 
lation of the signal from a direct entry probe. The study is therefore 
similar in principle to that carried out for the Pioneer Venus Multiprobe 
mission based on the Mariner 5 radio occultatlon data (Refs. 1 and 2). 

Four steps are necessary to achieve this. First, the radio occultatlon 
data is processed and the frequency spectrum of the amplitude fluctuations 
is computed. Second, the theoretical spectrum is obtained by studying wave 
propagation in random media. Third, a turbulence model for the atmosphere 
is constructed by conq)aring the results from the first two steps. Finally, 
scintillation estimates for an entry probe link are estimated based on the 
turbulence model. 

When the Pioneer 10 S-band radio occultatlon signals were processed 
it was found that there was strong scintillation produced by the Jovian 
ionosphere. Our attention has therefore been directed to the study of 
ionospheric rather than atmospheric scintillation. For the former, the 
fluctuations in refractive index are due to electron density irregularities 
in the ionosphere and a model for these irregularities will be constructed. 
The finding of Jovian ionospheric scintillation has Important consequences 
for the radio design of future entry probes to Jupiter. The reason is that 
unlike the neutral atmosphere, the ionosphere is a dispersive medium and the 
scintillation Increases when the radio frequency is lowered. Thus, the UHF 
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relay links that are being considered for the Jupiter entry p.obe missions 
may not be satisfactory for communications. 

The analysis of the Pioneer 10 and 11 data has been considerably more 
difficult than that of Mariner 5 and so far we have interpreted but a small 
portion of the Pioneer 10 data. There are three reasons for this difficulty. 
First, in the upper part of the ionosphere the electron density irregular- 
ities appear to be anisotropic. This of course is not unusual since similar 
irregularities in the earth's ionosphere are known to be anisotropic due m 
alignment with the magnetic field. Second, since the ionosphere consists of 
many layers, multipath propagation effects are also present and these must be 
identified and distinguished from the scintillation effects. Finally, 
because of the large spacecraft- to-lonosphere distance and large extent of 
the ionosphere of Jupiter, the ionospheric scintillation is rather strong. 

In some regions of the ionosphere it is so strong that the variance of 
the log-amplitude fluctuations is close to one and the weak fluctuation 
theory is inadequate. Thus, anisotropy, multipath propagation and strong 
fluctuations are three new effects that must be studied and fully understood 
before the Pioneer 10 scintillations can be completely interpreted. Despite 
these problems considerable progress has been achieved and a preliminary 
model of the ionospheric irregularities that gives order-of-magnltude 
estimates of entry probe scintillation has been constructed. 
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II. Irregularity Model and Entry Probe Est^oiateB 

The background material for this report has been described In detail 
In Ref. 1 and will not be repeated. To understand the results discussed In 
this section the reader must read Ref. 1. 

The latest Information obtained on the Jovian electron density Irreg- 
ularities deduced from the Pioneer 10 radio occultatlon data Is given 
lu Ref. 3» which Is reproduced In Its entirety In the appendix of this 
report. Briefly, we found that the Ionospheric Irregularities existed over 
an altitude range of 3000 km on the late afternoon side probed by Pioneer 10 
and over an altitude range of 2000 km in the early morning side. The struc- 
ture constant Ci^ of the refractive Index fluctuations characterizes the 
strength of the fluctuations. We have found that c^ lies In the range 
3.3 X 10”^ to A. 9 X 10“^ in the regions of ionosphere examined. The 

spatial wavenumber spectrum of the electron density Irregularities Is very 
close to the Kolmogorov spectrum and the outer scale size Lq Is greater 
than 6 km. 

The entry probe configuration is shown In Fig. 1. We will make 
scintillation estimates for a probe located at the zero altitude level, 
which corresponds to tne level In the atmosphere of Jupiter where the 
refractlvlty Is 10 (Refs. 3 and A). The radial distance to this point on 
the late afternoon side Is about 70A35 km. We will assume that the Irreg- 
ularities extend to 3000 km and that c^ ■ 5 x 10“ ^ m“^/^ and remains 
constant throughout this altitude range. 
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The ra)rpath diatance L through the lonoapherlc irregularities la an 
Important parameter for estimating the scintillation of an entry probe. 

In terms of the communications angle 6, which is the angle the raypath 
makes with the zenith (see Fig. 1), L can be computed through the following 
relationships 


0j^ - 180 - e 


®3 



02 * 180 ~ 0j^ “ 0^ 


sin 09 

L - L, — — ^ 
i sin 0j^ 


( 1 ) 


where 0, 0j^, 02 ond 0^ are in degrees. We have computed L for various values 
of 0 and the results are shown in Table I. 

The Fresnel size n/HT corresponding to the 0 > 90" case (L * 20775 km) 
is 1.646 km at S-band (2.3 GHz) and 3.95 km at 400 MHz. is greater than 
these Fresnel sizes since from Pioneer 10 we have deduced that exceeds 
6 km. Under this condition and assuming the Kolmogorov spectrum, the 
variance o^ of the log-amplitude fluctuations for the entry probe is (Ref. 1): 

oj - 0.308 cj k^/® (2) 
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where k le the free space wavenuod)er. Because of Fresnel filtering, scale 
sizes larger than V^XL* do not contribute to Consequently, (2) Is 
Independent of L^. For the phase fluctuations, Fresnel filtering does not 
occur and the variance o| of phase flue tv .at Ions depends on (Ref. 1): 

oj . 0.782 cj L - (3) 

where is given by (2). It should be emphasized that (2) and (3) are 
only valid for weak fluctuations and the condition for weak fluctuations 
is that < 1. 

The refractive index n is [1 - (wp/w)^] where Wp Is the plasma 
frequency and u ■ kc (c Is the speed of light). For (wp/o))^ « 1, 



where n^ Is the electron density, and and are the variances of the 
refractive index and electron density fluctuations, respectively. From 
the spatial wavenumber spectrum It can be shown that (Ref. S) 


c 


2 

n 


1.9 aj L„-2/3 


It can be seen, therefore, that >*■ k'*'^. 


(5) 
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The value of structure constant c^^ ■ 5 x 10“^ a“l/3 derived froo 
Pioneer 10 la for S-band only. For 400 MHz c^ ■ 5 x 10*^ x where 
F ■■ 2300/400. We have computed and at S-band and 400 MHz for various 
values of 6. For the phase fluctuations ve have made the calculations for 
two cases of L^: 10 and 100 km. The results are sunmarlzed in Table II. 

0 ^ can be converted to the rms fluctuation In dB by multiplying by 
the factor 20/ln 10 - 8.7. As can be seen from Table II« although the 
amplitude fluctuations at S-band are small, they become substantial at 
400 MHz. On the other hand, the phase fluctuations are large at both 
S-band and 400 MHz. It should be pointed out that even though the calcu- 
lated results for at 400 MHz Indicate that o^ exceeds one for large 9, 
such \ .ues will not occur since o^ saturates before reaching one (Ref. 6). 
When saturation occurs, (2) and (3), which are derived from weak fluctuation 
theory, are no longer valid and alternate results using strong fluctuation 
theory must be derived. 

The frequency spectra of the log-amplitude and phase fluctuations 
iW^(f) and Wg(f) respectively] Indicate how the variance of the fluctuations 
Is distributed in frequency. Tb.e bandwidth of the log-amplitude fluctuations 
f 3 jjg Is given by (Ref. 1) 


^3dB 


0.294 



( 6 ) 


where v^ is the wind velocity transverse to the llne-of-slght path. Computed 
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valuef! of £ 3^2 assuming ■ 100 m/sec are suonarlsed In Table III and 
Indicate that the spectrum is rather narrow. 

The complete spectra of the log-amplitude and phase fluctuations 
are given in Ref. 1 (Figs. 3 and A In Ref. 1, respectively). These 
spectra are normalized with respect to fj^ and $ which are 



(7) 


6 



( 8 ) 


so that the spectra corresponding to the different specific cases can 
readily be obtained. It is interesting to note thst the spectrum of 
the rather large phase fluctuations shown in Table II is also very 
narrow. 
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III. Barth *■ lonoiphtre 


In this section we would like to Indicate sooe references In regards 
to scintillation in the earth *s Ionosphere. This would be helpful because 
the Irregularities In the earth's lonosphera are similar and a large amount 
of scintillation measurements have been made. It must be emphasized that 
the literature on tnls subject Is voluminous and we will mention just a 
few references. 

A brief review of aclntillation studies has recently been given by 
Hartmann (Ref. 7). The scintillation Index la defined by 

S4 - [<a‘*>/<A^> 2 - ij** (9) 

where A Is amplitude. When the amplitude fluctuations are small 

si - A oj (10) 

In the earth's Ionosphere the variation of S4 and consequently with 
zenith angle has been studied by Briggs and Parkin (Ref. 8). The variation 
of 0^ Is due to the change In path length (discussed In the previous section) 
and change In the direction of wave propagation with respect to the magnetic 
field. The latter effect Is due to the alignment of the Irregularities with 
the magnetic field (anisotropy). The spatial wavenuid>er spectrum of electron 
density Irregularities was assume to be gausslan. Recent In situ (Ref. 9) 
as well as scintillation (Ref. 10) measurements Indicate that the Irregularity 
spectrum Is power- law rather than gausslan. Rufenach has therefore repeated 
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the analysis of Briggs and Parkin using the power-law spectrum (Ref. 11). 
Scintillation depends on time of day and latitude. The global morphology 
of Ionospheric scintillations has been discussed by Aarons et at* (Ref. 12), 
Crane (Ref. 13), Fremouw and Rino (Ref. 14) and Pope (Ref. 15). Most of 
the measurements made In the references listed above were carried out at 
UHF/VHF frequencies. Large S-band scintillations have recently been found 
In the equatorial region. These S-band scintillations are unexpected based 
on extrapolation of the UHF/VHF scintillations and this result has sparked 
several detailed studies of the frequency dependence of the scintillations 
(Refs. 16 and 17). 

All the studies mentioned above were based on the scintillation Index. 
The frequency spectrum has also been computed and studied by Elkins and 
Papagiannls (Ref. 18), Rufenach (Ref. 10), Singleton (Ref. 19) and Crane 
(Ref. 20). Crane*s measurements are of particular Interest since they were 
made at 400 MHz and Include phase as well as amplitude fluctuations. 

We have mentioned strong fluctuations and would like to point out 
that this represents an area of much active research (Refs. 21 and 22). 
Several excellent reviews of the current research have been published 
(Refs. 23-26). 

Finally, a symposium on the effect of the Ionosphere on space systems 
and communications was recently held and the proceedings contain many papers 
on current studies of scintillation and the Ionospheric Irregularities 
(Ref. 27). 
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IV. Conclusions and Future Work 


We have obtained some estimates of scintilla .Ion for a Jovian entry 
probe. These estimates must be regarded as order-of-magnltude only since 
the Irregularity model was constructed on the basis of the Interpretation 
01 just a portion of the Pioneer 10 data. To Interpret the remaining data, 
the effects of anisotropy, multipath propagation and strong fluctuations 
must be analyzed. These effects may change the entry probe estimates 
significantly. As an example. It Is felt that the structure constant c^ 

In the strong fluctuation region of the Ionosphere Is about a factor of 10 
larger than that used In this report. Once the Pioneer 10 scintillation 
due to the Ionosphere Is completely Interpreted, turbulence deep In the 
atmosphere of Jupiter can also be measured. 

In this report we have Included a short discussion of scintillation 
studies in the earth's Ionosphere. The purpose Is to Indicate that scin- 
tillation depends on many factors and that even In the earth's Ionosphere, 
which has been studied for many years, prediction Is not stralghtforwai J. 
In fact, many aspects of Ionospheric scintillation are still being 
actively Investigated. 
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Table I 


Summary of the Calculations of L in Terms of 9 


0 (deg) 

L Ckm) 

0 

3000 

30“ 

3441 

60“ 

5671 

90“ 

20775 
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ry of the Calculations for ai and 
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Fig, 1. Jupiter entry probe configuration 
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Appendix 


Measurements of Electron Density Irregularities 
In the Ionosphere of Jupiter by Pioneer 10 

(Presented at the Jupiter Conference held at the 
University of Arizona, May 18-22, 1975) 


Abstract 


In this paper we demonstrate that when the frequency spectrum of 
the log-amplitude fluctuations Is used, the radio occultatlon experiment 
Is a powerful tool for detecting. Identifying and studying ionospheric 
Irregularities . 

Analysis of the Pioneer 10 radio occultatlon measurements reveals 
that the Jovian Ionosphere possesses electron density Irregularities which 
are very similar to those found in the earth's Ionosphere. This Is a 
significant result because It Is the first time such Ir regular Icles have 
been found In a planetary Ionosphere other than that of the earth. The 
Pioneer 10 results Indicate that the spatial wavenundter spectrum of the 
electron density Irregularities Is close to the Kolmogorov spectrum and 
that the outer scale size Is greater than the Fresnel size (6.15 km). 

This type of spectnm suggests Irregularities produced by the turbulent 
dissipation of Irregularities larger than the outer scale size. 
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1. Introduction 


Many aeasuraiBenta of electron density irregular it lea in the earth* a 
ionosphere have been made using ground-based and topside sounders* radio- 
star and satellite-beacon scintillations as well as in situ measur«sents. 
The total nund)er of publications is very large but periodic reviews of the 
extensive literature have been made (Herman* 1966; Whitehead* 1970; Farley* 
1973). Despite some progress in recent years* the production mechanisms 
are not all fully understood. 

The Pioneer 10 S-band radio occultatlon experiment (Kliore et al., 
1974; Fjeldbo ex al», 1975) has provided the first measurements of the 
vertical electron density distribution in the Jovian ionosphere. During 
these measurements the radio signal underwent a significant amount of 
spectral broadening apparently due to ionospheric scintillations. In 
this paper we analyse these scintillations and show that they are caused 
by electron density irregularities similar to those found in the earth's 
ionosphere. This is an Important result because it is the first time such 
Irregularities have been found in a planetary ionosphere other than that 
of the earth. 

A careful study of the Jovian ionospheric scintillations is ia 4 >ortant 
because any information obtained will contribute to our understanding of 
the formation of the electron density irregxilarities In the ionospheres of 
both Jupiter and the earth. There are practical reasons as well. First* 
the Identification and estimates of the ionospheric scintillations will 
lead to Improved accuracy in the electron density profiles derived from 
the radio occultatlon measurements. Second* the atmosphere of Jupiter 
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It expected to be turbulent and It would be highly desirable to detect 
end study the turbulence as has been done for Venus (Woo et at., 1974; 

Woo, 1975). When the neutral atmosphere is being probed in the radio 
occultatlon experiment the ray path also traverses the ionosphere. The 
measured radio scintillations are therefore due to atmspheric turbulence 
as well as ionospheric irregularities, and to obtain measurem«its of tur- 
bulence one must first determine the ionospheric contribution. Third, a 
model of the ionospheric scintillations is urgently needed before the 
radio frequency of the comnninications link of future Jupiter entry probes 
can be selected. The reason is that UHF relay links are being seriously 
considered for future entry missions and ionospheric scintillation becomes 
more severe when the radio frequency is decreased. 

Extensive information on the earth's ionospheric irregularities has 
been deduced from both radio— star and satellite scintillations. Much of 
the earlier work was based on the scintillation index (Briggs and Parkin, 
1963; Aarons et at, t 1971; Wernlk and Liu, 1974), which is a measure of 
the total pow'^r in the amplitude fluctuations. More recent work is based 
on the frequency spectrum of the amplitude fluctuations (Elkins and Papa- 
giannis, 1969; Rufenach, 1972; Singleton, 1974), which indicates how the 
total power of the fluctuations is distributed in terms of the fluctuation 
frequency. 

In principle, scintillation measurements made during radio occulta- 
tion are similar to those made in the earth's ionosphere. However, there 
are major differences in terms of probing capabilities. Because of the 
generally long path length between the flyby spacecraft and the ionosphere 
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being probed, the eclntilletlon le nore eevere. Thue, the redlo occultetion 
neeaurenent le acre eeneltive end le Ideal for detection purposee. Another 
loportent difference In the redlo occultetion oeesurement le that the llne- 
of-elght path probea the "op of the lonoapUere flrat. As a reault, It 
provides Iflqiort^t Information on vertical location, variation and extent 
of the Ionospheric Irregularities. 

In this paper we will use the temporal frequency spectrum of the 
amplitude fluctuations to study the electron density irregularities. For 
radio occultatlon the time duration of the data is short and the signal* 
to*nolce ratio generally low. In the case of Pioneer 10 th>, ^ ta were 
further affected by multipath propagation. For the radio occultatlon data 
It is therefore imperative to use the spectrum approach. From the stand* 
point of data processing the spectrum permits the separation of the scin- 
tillation, noise and multipath effects. From the standpoint of remote 
sensing the spectnus Is very useful In deducing Information on the strength 
and wavenumber spectrum of the electron density Irregularities. In short, 
«rhen the spectrum approach is used the radio occultatlon experiment Is a 
powerful tool for detecting, identifying, locating and studying Ionospheric 
Irregularities . 

This paper Is organized In the following manner. The experimental 
results obtained from Pioneer 10 are given In Section II. The wave propa- 
gation theory Is discussed In Section III. Information on the electron 
density Irregularities Is Inferred In Section IV based on the comparison 
of the experimental «ad theoretical results. Finally, the conclusions are 
summarized in Section V. 
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II. Experimental Results 

The Pioneer 10 radio occultatlon experiment has been described In 
detail by Kliore et al. (1974) and Fjeldbo et at. (1975). The electron 
density profiles derived by Fjeldbo et at. (1975) are reproduced in Figs. 

A-1, 2, 3. Altitude is referenced to the level in the lower neutral atmo- 
sphere that has a refractivity of 10. The late afternoon electron density 
profiles computed from the immersion data are shown in Figs. A-1 and A-2. 

The measurements were made at 26®N latitude and the solar zenith angle was 
approximately 81®. In Fig. A-1 the linear frequency drift term of the space- 
craft's crystal oscillator was determined from the doppler residual data 
obtained in the 5500-10000 km altitude region. In Fig. A-2 a frequency 
drift rate change observed in the doppler residual data near 5300 km 
altitude was presumed caused by the spacecraft oscillator and the linear 
oscillator drift term was estimated by fitting a straight line to the 
doppler residual data obtained in the 4000 to 5300 km altitude region. 

Fig. A-3 is the early morning electron density profile computed from the 
emersion data. The measurements were made at 58“N latitude and the solar 
zenith angle was about 95®. The linear oscillator frequency drift was 
removed by fitting a straight line to the doppler residual data obtained 
in the 5500-10000 km altitude range. 

Our analysis of the electron density irregularities is based on the 
temporal frequency spectrum Wj^(f) of the log-amplitude fluctuations, which 
is computed in the /"ollowlr.'» manner. The time history of amplitude is 
obtained by summing the squares of the phase quadrature components of fua 
received signal and then taking the square root. After conversion to 
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log-amplitude » a constant bias Is subtracted so that the mean of the log- 
amplitude fluctuations Is zero. The resulting time history of the log- 
amplitude fluctuations has a minimum sampling rate of 500 samples per 
second and Is spectrum analyzed using an FFT algorithm described previously 
(Woo et dl-t 1974). 

We have examined three altitude ranges for both the Immersion and 
emersion data. The three regions for each set of data are Indicated In 
Figs. A-1, 2, 3 and are denoted A, B and C. The corresponding frequency spec- 
tra of the S-band log-amplitude fluctuations are shown in Figs. A-4 through A-9. 
The regions other than A, B and C will not be discussed in this paper because 
the theory which will be described in Section III l3 Inadequate for inter- 
preting the spectra. The solid curves In Figs. A-5, 6, 8 and 9 represent the 
computed spectra while the dashed curves are the theoretical spectra vhlch 
will be discussed In Section III. The 90% confidence Intervals for the 
spectra are also Indicated. The spectra of both the Immersion and emersion 
data for region A are approximately flat and essentially represent the 
system noise. As can be seen in Figs. A-4 and A-7 the noise spectral density 

_3 

level Is approximately 10 . This Is close to the value which would be 

expected when the SNR (slgnal-to-nolse ratio) In a 1 Hz bandwidth Is 30 dB» 
since the noise spectral density level for the log-amplitude fluctuations 
Is approximately 1/SNR. 

The spectra for regions B and C clearly show structure for fluctuation 
frequencies below approximately 10 Hz. Above 10 Hz, the spectra are essen- 
tially those of the system noise, ine low-frequency structure Is present In 
all the Immersion data below 3000 km and In all the emersion data below 
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2000 km. It should be pointed out that the spectra for regions B and C 
cover very short periods of time. However, because the spectra are rather 
wide (10 Hz), good definition of the spectrum shape Is still achieved. 

III. Theory 

We have seen in the previous section that the frequency spectrum Is 
very useful when analyzing fluctuations in the data since the structure and 
noise components can be separated in the frequency domain. Our next step 
is to derive the theoretical spectrum for scintillation so that scintilla- 
tion can be identified and information on the electron density irregulari- 
ties can be deduced from the measurements. 

We will use the results obtained previously for atmospheric turbulence 
(Woo and Ishimaru, 1974) to derive the theoretical spectrum for ionospheric 
scintillation. The only change that need be made for ionospheric scintil- 
lation is to relate the electron density and refractive index fluctuations 
and we will do this in Section IV. 

The radio occultation geometry is shown in Fig. A-10. The x-axis is 
the llne-of-slght path and L is the distance between the spacecraft and 
the Jovian ionosphere. We will assume that the region of ionospheric 
irregularities being probed can be approximated by an ellipsoid (see Fig. A-11). 
The structure constant Cn of the refractive index fluctuations is then given 
by 

4 ■ 'no [- (^) - (f) ■ (f ) ] 
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where Cno the peak structure constant, a is the extent of the Irregular^ 

Itles in the x-z plane and b is the extent in the y direction, a and b are 
related to each other by the following approximate relationships 

a ■ H tane (A-2) 

« • (sTb) 

where H is defined in Figs. A-10 and A-11. 

In the earth’s ionosphere recent scintillation (Elkins and Papaglannls, 

1969; Rufenach, 1972; Singleton, 1974) and in situ (Dyson et at. , 1974) 
oeasurements of the electron density irregularities Indicate that the spatial 
wavenumber spectrum irregularities follows approximately a power 

law: 



where k Is the spatial wavenumber, p is the spectral index and Lq is the 
outer scale size. In the earth's ionosphere the range of the spectral 
index is 3.4-5 and Lq is at least several kilometers. We will assume that 
the spatial wavenumber spectrum for the electron density irregularities in 
the Jovian ionosphere is also power-law and given by (A-4) . 

The size of the first Fresnel zone, hereafter called Fresnel size, 
is of the order of v^xT, where X is the wavelength of the radio frequency 
and L is defined in Figs. A-10 and A-11. In the case of Pioneer 10 the Fresnel 
size is approximately 6.15 km. Since the ionosphere of Jupiter is much 
more extensive than that of the earth it is reasonable that is 
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correspondingly larger too. We will assume that for Pioneer 10 Lq > VXL . 
Furthermore* it is also clear that a » V^XL and b >> V AL . Using these 
approximations and the spectrum given in (A— 5) * it can easily be shown 
following Woo and Ishlmaru (1974) that 



where W^(f) is the frequency spectrum of the log-amplitude fluctuations* 
k is the free space wavenumber* v is the velocity of the line-of-sight 
path transverse to the llne-of-sight path* w = 2iTf* f is che fluctuation 
frequency* Re{ } means real part of { }, and \|)(a, c; z) is the confluent 
hypergeometric fimction (Abramowltz and Stegun* 1964), which is independent 
of the Kxunmer function iFi(a* c; z). A number of important points in 
regards to the derivation of (A— 5) are worth emphasizing. First, a three- 
dimensional model rather than the more common phase-screen approximation 
was used to represent the ionospheric scintillation. Second, Rytov's 
method was employed and this is valid only for weak fluctuations. The 
condition for weak fluctuations is that the variance or^ of log-amplitude 
fluctuations be less than one. The variances for the respective spectra 
have been computed for fluctuation frequencies up to 10 Hz. The results 
are given in Table 1 and as can be seen the highest value for is 0.31. 
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Thus, weak fluctuation theory Is applicable (Tatarski, 1971). 

The theoretical spectrum given In (A-5) has the following Input 
parameters: structure constant Cno> spectral Index p, transverse velocity 

of the line-of-slght path v, distance between the spacecraft and the iono- 
sphere L, free space wavenumber k, extent of the region of Irregularities 
In the horizontal plane a, and the outer scale size Lq. v and L are known 
from the trajectory and k from the radio link, a can be estimated from 
knowledge of the vertical extent of the region of Irregularities. Since a 
Is greater than the Fresnel size It Is not surprising that the spectrum 
shape shows no dependence on a In the range of values estimated. As dis- 
cussed earlier we assume that Lq is greater than the Fresnel size. Under 
this condition the spectrum Is Independent of Lq since scale sizes larger 
than the Fresnel size do not contribute to the spectrum on accoimt of 
Fresnel filtering (Tatarski, 1971). It is clear that there are only two 
unknowns: Cqq and p. Examination of (A-5) reveals that Cj^^ controls the 

level and not the shape of the spectrum. Thus, the only parameter that 
controls the shape of the spectrum Is p. 

We have computed the theoretical spectra by numerical Integration of 
the confluent hypergeometrlc function. Shown In Fig. A-12 are the results 
for a given set of values for v, L, a, k and Lq and three cases of p. The 
spectra are normalized to their values at f ■ 10 ^ Hz. The p ■ 11/3 case 
Is of special Interest because It corresponds to the Kolmogorov spectrum 
which has physical basis and lies within the spectral Index range observed 
In the earth's Ionosphere. As expected the shape of the spectrum Is sen- 
sitive to the spectral Index p. We can obtain the asymptotic expression 
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for the high frequency portion of the spectrum by using the appropriate 
asynq}totlc forms for <j/(a, c; z). We get 


Wx«) 

f -► 00 


0.033 cJq 87t2 


ra 

2v 


r(£^) Uv 


(A-6) 


where F Is the gamma function. Thus, It can be seen that when the 
frequency spectrum Wj^(f) is plotted on a log-log scale, the slope is 
(1-p) In the high fluctuation frequency region. 


IV. Discussion 

Let us now compare the theoretical and experimental spectra, v is 
approximately 35 km/sec, L is 2.2 x lo^ km for immersion and 2.9 x 10^ km 
for emersion and k is 48 m As discussed in the previous section the 
spectrum does not depend on Lq as long as Lq is larger than the Fresnel 
size or on a for the expected range of values. For the theoretical spectra 
we have assumed Lq - 100 km and a « 10000 km. The theoretical spectra in 
Figs. 5, 6, 8 and 9 correspond to p ■ 11/3 (Kolmogorov spectrum). The good 
agreement between the theoretical and experimental spectra indicates that 
the spatial wavenumber spectrum of the electron density irregularities is 
close to the Kolmogorov spectrum. Furthermore, the agreement justifies the 
weak fluctuation theory since the measured spectra would be broader for 
strong fluctuations (Gurvich and Tatarski, 1975). 


JPL Technical Memorandum 33-745 


29 



The finding that the spatial wavenunber spectrum of the irregular- 
ities is close to Kolmogorov suggests that initially the irregularities 
are generated at Lq or at scale sizes greater than Lg and that the 
dissipation of the energy associated with these irregularities occurs by 
generating smaller and smaller irregularities. The highest fluctuation 
frequency measured is about 10 Hz. Since the velocity of the llne-of— 
sight path is 35 km/sec, the smallest scale size measured is approximately 
35/10 - 3.5 km. To measure smaller scale sizes the SNR must be Increased. 

The low frequency asymptotic expression of W^(f) for the Kolmogorov 
spectrum can be obtained: 


Wx(f) 

f -►0 


0.033 ego TT 


5/2 k 


2/3 


4/3 




(A-7) 


Also, from (6) we have 


/ 2V-4/3 

«X«> - “-O” 77s( (5?) 

f-^- U/ 


(A-8) 


The intersection of (A-7) and (A-8) defines the approximate frequency at which 
the "knee" of the spectrum is located. If we call this frequency f^, 
we get 


f, - 0.414 ^ 


(A-9) 
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essentially defines the fluctuation frequency at vhlch Fresnel filtering 
takes effect. As expected the scale size corresponding to f|^ Is approxi- 
mately the Frf nel size. It Is interesting to note that the spectrum Is 
broader the higher the velocity, the higher the radio frequency or the 
closer the spacecraft Is to the planet. 

Another point worth mentioning Is that the evidence of Fresnel 
filtering In the measured spectrum Is the most prominent feature for 
Identifying scintillation. It Is obvious that the fluctuations In the 
amplitude of the signal could also be caused by the radio ray cutting 
through stratified layers of electron density in the Ionosphere. However, 
if this were the case, there Is no reason for the spectrum of such fluctu- 
ations to exhibit the effects of Fresnel filtering. 

The next parameter we wish to estimate Is Cqq and this can be 
obtained either from the spectrum using (A-7) or from the variance o2. if 
we assume the Kolmogorov spectrum along with the approximations used In 
the derivation of the frequency spectrum given in (A-5) we obtain following 
Woo and Ishlmaru (1974) : 

"x “ 'no 

When Oy « 1, « m^/A, where m Is the scintillation index. To estimate 

A A 

a we use (A-2) and (A-3) and make the following assumptions: (1) the radial 

distance to zero altitude is 70435 and 67980 km on the immersion and 
emersion sides respectively, and (2) the irregularities on the Immersion 
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and eoersion sides extend to 3000 and 2000 km respectively • The results 
of the estimates for and a obtained from W^(0) are summarized In 
Table A-I. 

It must be emphasized that (1) Is a highly simplified model of the 
spatial variation of the structure constant Cq. In effect (1) singly 
defines the extent of the Irregiilarltles. Although the choice of (1) is 
not critical as far as the shape of the frequency spectrum Is concerned, 
It Is certainly Important when seeking Information on the variation of Cq 
with altitude. Thus, although the estimates of Cqo given In Table A-I are 
crude they nevertheless Indicate order of magnitude as well as relative 
magnitude. 

Let us now relate the structure constant c^^ of the refractive Index 
fluctuations to the electron density fluctuations. Since the refractive 
Index n Is [1 - (up/u))^]^ where Wp Is the plasma frequency, we obtain for 

(o)p/w)^ « 1 



where n^ Is the electron density, and and are the variances of the 
refractive Index and electron density fluctuations respectively. From the 
spatial wavenumber spectrum of the refractive Index fluctuations It can be 
shown (Strohbehn, 1968) that 

cj, . 1.9 oi 


(A-11) 


(A-12) 
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80 that 


We have applied (A-13) to region B of both the Immersion and emersion 
data and the results are summarized In Table A-II. As can be seen the fluc- 
tuations In electron density are substantial particularly on the emersion 
side which was probed during the early morning. However, the values of 
Oq /ng do not appear too different from those measured In the earth's 
Ionosphere (Dyson et at., 1974). The electron density profiles In 
Figs. A-1, 2, 3 exhibit a "wlggly" structure In region B. It Is now clear 
that such structure Is most likely not real and probably represents the 
effect of the electron density irregularities. In fact the percentage 
of the wiggles In terms of the average electron density Is highest In 
Fig. A-2 and lowest in Fig. A-1 which Is in agreement with the results 
summarized In Table A-II. In this regard, It Is also clear from the results 
for region C that the layers L 5 and L 7 are most likely due to electron 
density Irregularities. This conclusion is supported by the absence of 
distinct signatures of layers for Lg and L 7 found by Fjeldbo et at. (1975). 


V. Conclusion 

We have demonstrated that when the freqtiency spectrum of the log- 
amplitude fluctuations Is used, the radio occultatlon experiment Is a 
powerful tool for detecting. Identifying and studying Ionospheric 
Irregularities. 
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Analysis of tha Pioneer 10 radio occultatlon neasurements reveals 
that the Jovian Ionosphere possesses electron density Irregularities 
which are very slollar to those found in the earth's Ionosphere. This 
Is a significant result because It Is the first time such Irregularities 
have been found In a planetary Ionosphere other than that of the earth. 
The Pioneer 10 results Indicate that the spatial wavenumber spectrum of 
the electron density irregularities Is close to the Kolmogorov spectrum 
and that the outer scale size Is greater than the Fresnel size (6.15 km). 
This type of spectrum suggests Irregularities produced by the turbulent 
dissipation of Irregulerltles larger than the outer scale size. 

We have examined only a portion of the Pioneer 10 data in this 
paper. The remaining data indicate the presence of anisotropy in the 
Irregularities as well as strong fluctuations. Analysis of this latter 
data Is not complete and the results will be discussed in a later 
publication. 

In the case of the earth's Ionosphere, the electron density 
Irregularities depend on latitude, time, season, sunspot number, 
magnetic fleli orientation, etc. Future radio occultatlon measurements 
are important In order to determine the dependence of the Irregularities 
on these factors In the Jovian Ionosphere. This information will con- 
tribute to our understanding of th.. formation of the Irregularities not 
only In the Jovian Ionosphere but the eurth's ionosphere as well. 
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TABLE A- I 


SUMMARY OF MEASURED AND INPUT PARAMETERS 


Region 


H(km) 

b(km) 

9 (rad) 

a (km) 

Wx(0)(Hz“l) 

Cno(“"^^^) 

B of Immersion 

0.24 

71435 

2000 

0.234 

17022 

6 X 10-2 

4.47 X 10-9 

C of Immersion 

0.22 

70661 

2774 

0.276 

19993 

4.3 X 10-2 

3.49 X 10-9 

B of Emersion 

0.105 

69480 

500 

0.12 

8350 

2.3 X 10-2 

3.287 X 10-9 

C of Emersion 

0.31 

68240 

1740 

0.223 

15508 

6.8 X 10-2 

4.147 X 10-9 
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TABLE A-II 


SUMMARY OF aJ^Jn^ 






Region 

ng (electrons/cc) 

3 

O. 

3 

L " 10 km 

L ■ 100 km 

Region B Immersion 
using ne profile In Fig. 1 

105 

1.238 X 10"3 

9.11 

19.63 

Region B Immersion 
using ng profile in Fig. 2 

5 X 10*+ 

8.75 X 10-** 

18.24 

39.3 

Region B Emersion 

2 X lO** 

5.54 X 10-*^ 

33.5 

72.0 
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Fig. A-1. Late afternoon electron 
density profile derived from the 
Immersion data by Fjeldbo et al. 
(1975) . Frequency spectra of the 
log-amplitude fluctuations for re- 
gions A, B, and C are shown in 
Figs. A-4, 5, 6. 


Fig. A-2. Late afternoon electron 
density profile derived from the 
immersion data by Fjeldbo et al. 
(1975). See text for difference 
from Fig. A-1. Frequency spectra 
of the log-amplitude fluctuations 
for regions A, B, and C are shown 
in Figs. A-4, 5, 6. 



Fig. A-3. Early morning electron 
density profile derived from the 
emersion data by Fjeldbo et al. 
(1975) . Frequency spectra of the 
log-amplitude fluctuations for 
regions A, B, and C are shown in 
Figs. A-7, 8, 9. 
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FREQUENCY, Hz 


Fig. A-4. Frequency spectrum of the 
log-amplitude fluctuations for region 
A of immersion. 



FREQUENCY, Hz 

Fig. A-5. Frequency spectrum of the 
log-amplitude fluctuations for 
region B of immersion. For the the- 
oretical spectrum, p = 11/3, v = 35 
km/sec, L = 2.2 x 10^ km, k = 48 m“^, 
a = 10^ km and Lq = 100 km. 



FREQUENCY, Hz FREQUENCY. Hz 


Fig. A-6. Frequency spectrum of the Fig. A-7. Frequency spectrum of the 

log-amplitude fluctuations for re- log-amplitude fluctuations for region 

gion C of immersion. For the theo- A of emersion, 

retical spectrum, the parameters are 
the same as those used in Fig. A-5. 
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Fig. A-8. Frequency spectrum of the 
log-amplitude fluctuations for region 
B of emersion. For the theoretical 
spectrum, p = 11/3, v = 35 km/ sec, 

L = 2.9 X 10^ km, k = 48 m-^ a = 10^ 
km and 


Lq = 100 km. 


Fig. A-9. Frequency spectrum of the 
log-amplitude fluctuations for region 
C of emersion. For the theoretical 
spectrum, the parameters are the same 
as those used in Fig. A-8. 



Fig. A-10. Radio occultation configuration. 
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Fig. A-11. Ellipsoidal representation of 
the region of Ionospheric irregularities. 



Fig. A-12. Frequency spectrum of the 
log-amplitude fluctuations for various 
values of p. v * 35 kra/sec, L = 2.2 
X 10^ km, k = 48 a = 10 ** km, and 

Lq ■ 100 km. 
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